The palynological investigation of core TM (27.7 m long) taken in a dried out lagoon reveals both Holocene vegetation history in the north-eastern foothills of the Alborz Mountains and past water level changes of the Caspian Sea (CS).
Introduction
The extent of the Holocene changes in the Caspian Sea (CS) water level is so far poorly known and subject to intense controversies (Rychagov, 1997; Svitoch, 2009) . The water level changes of the CS are not synchronous with the global sea level changes, not even in anti-phase. Its widely changing palaeo-hydrography has often more influence than the simple relationship with precipitation over the catchment-sea level change. Since its formation, the CS has at times had an outflow to the Black Sea; at other times it was a closed sea. The number of large rivers flowing to the sea has also fluctuated over time, usually with the Volga River bringing > 80% of the water but at other times it was under the influence of the Amu-Daria (daria means river) and its catchment in the western Himalayas (Fig. 1A) .
Most sea level information is typically derived from sedimentologicalepalaeoecological analyses of outcrops around the middle and the north basins with only a few cores from the deep middle and south basins. During the Lateglacial, the CS had most likely higher than present water levels due to meltwater from the Eurasian ice sheet. This period is termed the Khvalynian in the Russian stratigraphy of the CS. This was followed by a brief but poorly dated very low level, the Mangyshlak. Then the Holocene intermediate levels were reached; this is called the Neocaspian.
This period may have started anywhere between the beginning of the Holocene and the mid-Holocene according to various authors (Rychagov, 1997; Svitoch, 2009) .
The Holocene vegetation history of the CS surroundings is not known. Only short sequences from the south and middle basins have been published, showing a subtle interplay between more or less steppic landscapes . In the centre of the Iranian coast, some diagrams covering the last centuries only reveal the existence of a diverse forest (Ramezani et al., 2008; Leroy et al., 2011) . However, the probable wide displacement of vegetation belts on the northern flank of the Alborz Mountains, a refugium for some Arcto-Tertiary tree species, is so far totally unknown.
Palynological analyses involving pollen, spores, non-pollen palynomorphs and dinoflagellate cysts (dinocysts) are a powerful tool to reconstruct both terrestrial and aquatic changes. The forest of the south of the CS, i.e. the Hyrcanian forest, is ecologically and palaeo-ecologically interesting as it contains a few endemic species that were widespread in Europe during the Pliocene or even Early and Middle Pleistocene such as Parrotia persica, Zelkova carpinifolia, Pterocarya fraxinifolia and Gleditsia caspica (Leroy and Roiron, 1996; Akhani et al., 2010 ). It is not clear i) when this forest developed after the Last Glacial Maximum in northern Iran, ii) if there was an early Holocene dry period when Europe had a climatic optimum, and iii) what was the succession of trees, out their glacial refugia.
The dinocysts of the CS contain many forms, species and even some genera that are endemic. They have been described in detail recently in Marret et al. (2004) . Although it is possible to identify them using a firm taxonomy, their ecological requirements remain at times poorly known. Notwithstanding that limitation, some past sea levels reconstructions may be attempted using the full range of palynomorphs and comparing these with other proxies, such as sedimentology.
The aims of this investigation are therefore to reconstruct i) the Holocene vegetation history in the foothills of the Alborz Mountains and ii) the Holocene water level changes of the CS from the evidence of a 27.7 m long sediment core (TM) taken in a palaeolagoon in the SE corner of the CS.
Setting
The CS is an endorheic lake, which is the world's largest lake in terms of both area and volume, extending 35e48 N and 47e55 E Fig. 1 . A: Mean annual precipitations for the area of the Caspian and Aral Sea drainage basins (data from the ECMWF interim reanalysis). Colours are for different mm per month values. Black lines: drainage basin limits. 1B: Location of surface samples in the south-east and east of the Caspian Sea area with river and lagoon names. Black circles for marine sites, grey circles for lagoons, stars on white circles for mud samples, M on white circles for moss polsters and white circles for other sequences cited in the text. 1C: Location of the surface samples and core TM in the south-east corner of the Caspian Sea. Inset showing the shallow shelf in front of the Gomishan coastline, with bathymetric contours for 10, 20 and 50 m. Black circles for marine sites, grey circles for lagoons, stars on white circles for mud samples, and M on white circles for moss polsters. The small light grey circles indicate towns. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) ( Fig. 1A and B) . Three basins divide the sea, becoming deeper southwards: the northern basin (80,000 km 2 ) with an average depth of 5e6 m and a maximum depth of 15e20 m; the middle basin (138,000 km 2 ) with an average depth of 175 m and a maximum depth of 788 m; and the southern basin (168,000 km 2 )
with an average depth of 325 m and a maximum depth of 1025 m . The southern basin holds more than 65% of the CS water. The CS nowadays is fed by several rivers, of which the Volga is by far the most important bringing 80% of its water volume. However the highest volume of sediment comes from the Sefidrud (Iran) and the Kura (Azerbaijan) Rivers (Lahijani et al., 2008) . On the Iranian coast, the Gorgan River (240 km long) is the second most important river; it flows eastewest just south of the study site, in the SE corner of the CS (Fig. 1) . This river has changed its course several times during the last centuries, migrating northesouth . North of the Gorgan delta in the Gomishan area, the coastal area of the Golestan Province of NE Iran, the coast has known many historical changes in its geomorphology due to rapid sea level changes over the last centuries (Fig. 1C) . A large inland lagoon, the Hassan Gholi Bay, was a dominant feature at least until 1890. Further north the lagoon penetrated deeply into the coastal plain, and contained a small delta of the intermittent Atrak River, which is 530 km long and also flows eastewest. During sea-level fall between 1929 and 1977, the whole lagoon dried out, the coastline shifted kilometres seaward but with the subsequent CS level (CSL) rise of 1977e1995 a new lagoon formed .
In the Late Pleistocene and episodically in the Holocene, the last time being in the 16th century AD, the Uzboy River reached the CS c. 300 km north of the site and 100 km south of the KBG in the Krasnovodsk Bay (Fig.1B) (Syrnyov,1962; Létolle, 2000; . Human diversions are likely over the last millennia in addition to those caused by slight seismic movements. The Uzboy brought a considerable supply of freshwater to the south basin. This river received water from the Sarykamysh Lake and the Amu-Daria directly from the Tien-Shan and Pamir, hence from a drainage basin under a climate totally different from that of the Volga River basin that is under the Westerlies (Ferronsky et al.,1999; Chen et al., 2008; Fig.1A) .
The CS water is brackish with a gradient from the north to the south from freshwater where the Volga enters the sea, to 13 psu in the east and south-east corner (Rekacewicz, 2007a) . The mean sea surface temperature in winter ranges from zero in the north to 10 C in the south, and in summer from 21 in the east to 28 C in the south (Rekacewicz, 2007b) .
The CSL fluctuates close to 27 m below sea level. It is very sensitive to changes in the precipitation over the Volga basin and to changes in evaporation over the basin itself (Arpe et al., 2012; Fig. 1A) .
The climate in the Gomishan area has a typical semi-arid climate: dry and hot in the summer and cool in winter, a mean annual precipitation of 300 mm and a mean annual temperature of 17.5 C (Honardoust et al., 2011) . The natural vegetation is Halocnemum strobilaceum, Aeluropus littoralis and Puccinellia distans (Poaceae), Tamarix ramosissimum and Suaeda maritima and Salsola rigida (Chenopodiaceae). The staple crops are winter barley and wheat (Honardoust et al., 2011) .
The vegetation of the Gomishan lagoon itself is very diverse and dominated by halophytes. H. strobilaceum and Salicornia europaea (Amaranthaceae), S. rigida and Halostachys caspica (Chenopodiaceae), T. ramosissimum and T. galica are dominant in the E and NE because of the higher salinity environment. The lagoon also exhibits a range of aquatic plants such as Potamogeton pectinatus, Zannichellia palustris, Ruppia maritima and Ceratophyllum demersum, especially in the N and NW (Karimi, 2010) .
The vegetation on the northern slope of the Alborz Mountains presents a series of eastewest belts, from bottom to top, starting with a steppe with Artemisia and Astragalus at sea level, followed by the Hyrcanian forest up to c. 500 m interrupted in the drier areas by a forest of Thuja orientalis east of Gorgan, then by the oak, hornbeam and beech mountain forest up to c. 2000 m. A slightly drier Quercus macranthera forest developed up to c. 2500 m, then Juniper woodland and the alpine meadows Encyclopaedia Iranica, no date) .
The Gorgan wall, which forms a prominent archaeological defensive feature in the region, is a brickwork associated with forts and waterworks, over 195 km long and extends westeeast at the foot of the Alborz Mountains. It served the same purpose as the Great Wall of China but is shorter. The Sasanian Empire built this wall in the 5 or 6th century AD when the CSL was several metres lower than now. In the westernmost section it is now covered by marine sediment (Omrani Rekavandi et al., 2008) probably dating from the Little Ice Age (LIA) highstand. The area between the Gorgan Wall and the Alborz highland has been cultivated and was renowned for its fertility for a long time, as testified by the density of archaeological sites. A significant number of archaeological sites has nevertheless been mapped north of the wall as well, although this part of the region was mostly devoted to nomadic pastoralism (Nokandeh and Sauer, 2006) .
Past investigations

Palynological analyses in the region
No complete Holocene diagram is available for the region. Each of the following six investigations covers part of the Holocene (Fig. 1B) .
A deep marine sediment core (core GS05) provides vegetation history and sea level changes for the Lateglacial and beginning of the Holocene (Pierret et al., 2012; Leroy, unpublished) . The pollen diagram shows the development of shrubs at the beginning of the Holocene followed by the development of trees delayed however by a few millennia. The geochemical analyses reveal mechanical erosion during glacial times followed by chemical weathering during the interglacial. The dinoflagellate cysts remain dominated by low salinity assemblages (c. 7 psu) until 3.9 cal. ka Leroy, unpublished data) . published the results of a joint pollen and dinocyst study of marine cores, one of them from the south basin of the CS, close to core GS05, which covers the period ca 5.5e 0.8 cal. ka BP (core CP14). Two phases of higher sea levels with a stronger river influence and low salinity were identified: one from the core base until 3.9 cal. ka BP and one from 2.1 to 1.7 cal. ka BP.
A pollen diagram from the Muzidarbon mire near Nowshahr at 550 m altitude (Ramezani et al., 2008) covers the last 1000 yr. It suggests a possible record of the Medieval Climatic Optimum and the LIA. A clear increase in human activity is seen since the beginning of the 19th century. The coastal lagoons of Anzali and Amirkola provided a record of the last four centuries indicating higher CSL during the late LIA. A palynological study of the last 200 yr was obtained from a core in the NW of the Kara-Bogaz Gol, where human activities on water level control were by far the strongest signal in the proxies .
Modern pollen samples are available for the Golestan National Park across a transect from the Hyrcanian forest to an Artemisia steppe from 800 to 1800 m altitude (Djamali et al., 2008 (Djamali et al., , 2009 ) and in the lagoons of Anzali and Amirkola (Kazancı et al., 2004; Leroy et al., 2011) . They provide a useful link between pollen rain and vegetation. Various types of surface samples were compiled for Turkmenistan, including from the SW of the country, near the Iran-Turkmenistan border (Peterson, 1983) .
Sedimentology, chronology and palaeoenvironmental reconstructions of the TM core
The details of the sedimentological and chronological study of core TM, taken in a palaeo-lagoon connected to the Hassan Gholi Bay, have been published by Kakroodi (2012) (Fig. 2) . Eight lithozones were defined on the basis of the visual description of the sediment, which is generally fine-grained with some rare sandy silt layers, and macrofossil assemblages, i.e. shells, large diatoms, Charophytes and ichnofossils. Ten radiocarbon dates obtained on shells (ostracods, foraminifera or gastropods) show no reversals (Table 1) , They were used for building the ageedepth model after calibrating by Marine09 (Reimer et al., 2009; Kakroodi, 2012) .
The deposits show three major regressive stages, one at the base, one in the middle and one at the top of the core (Kakroodi, 2012) (Fig. 2) C BP or 10,640 cal. yr BP. Following postglacial sea-level rise, modern fauna started to develop from then on. This CSL rise was characterised by the deposition of coarse silt and abundant fauna in a lagoonal environment. Continuous sea level rise led to landward shift of the lagoonal system, and hence increasing accommodation space and changes in biofacies depth (lithozone 3). Diatom and Gastropoda species developed in this deeper environment within silty and clayey deposits up to around 7120 14 C BP or 7595 cal. yr BP (lithozone 4). After this highstand, sea level started to fall again, and reddish oxidised sediments with abundant foraminifera (Ammonia beccarii) recorded a regressive facies (lithozone 5). A probable minor hiatus at 12.10 m depth is suggested by the mottling of the sediment and thin layers of evaporites (gypsum crystals up to 2 cm length). Lithozone 6 is characterised by dark silty clays representing lagoonal facies, followed by the olive clayey silts indicating shallow marine to hypersaline conditions (lithozone 6). Lithozone 7 is interpreted as a shallow lagoonal environment strongly influenced by terrigenous input. In lithozone 8, the highest values of sand and the presence of frequent ichnofossils of insects, probably Trichoptera, occur. The sediment is mostly an alternation of brownish lagoonal clays and barrier sands, in a highly oxidising environment. The difference between lithozone 8a and 8b is based on the increase of rootlets, ichnofossils and traces of oxidation.
Material and methods
Samples
This investigation bears on the palynological analysis of core TM and is supported by surface samples. The surface samples come from coring, grabbing, and/or the scooping of marine, lagoonal and river muds as well as mosses.
The 27.7 m long core, called TM, was taken in 2009 by percussion and a rotary hydraulic drilling rig, located at 37 09 0 06 00 N, 54 03 0 24 00 E and 2 m above present sea level (i.e. w25.5 m bmsl). The diameter of the core is 5.5 cm and the length of each drive was 60 cm. A casing was used to prevent hole collapse. Table 2 provides a brief description of the sampling locations of the modern samples. For the marine and lagoon samples, information on water salinity has been added where available.
Treatment, identification and statistical analyses
Initial processing of the 48 core (1.5e2.5 ml in volume) and 43 modern samples involved the addition of cold sodium pyrophosphate to deflocculate the sediment. Samples were then treated with cold hydrochloric acid (10%) and cold hydrofluoric acid (32%), followed by a repeat HCl. The residual fraction was then screened through 120 and 10 mm mesh sieves and mounted on slides in glycerol. The number of pollen and spores counted was usually around 350. Lycopodium tablets were added at the beginning of the process for concentration estimates (in number of specimens per ml of wet sediment) in the core samples only. In addition the moss samples were acetolysed.
Pollen percentages were calculated on the terrestrial sum (excluding aquatic, spores, unknown or unidentifiable pollen, and non-pollen palynomorphs). The diagrams were plotted with psimpoll4 (Bennett, 2007) . A zonation by cluster analysis (CONISS) after square root transformation was applied. The zonation, based only on terrestrial taxa, was calculated for the percentage diagrams.
The dinocysts were counted at the same time as pollen and other microfossils. Identifications of the dinocysts are based on Marret et al. (2004) , Mertens et al. (2009) , Leroy (2010) and Mudie et al. (2011) . The cysts of Lingulodinium machaerophorum have processes of various shapes and lengths, which have been counted separately (following form names defined in Leroy et al., 2006) . Later on it has been suggested that the length may be linked to water summer salinity and to some extend to water temperature (Mertens et al., 2009 ). The total sum for dinocyst percentage calculations is made for all dinocysts, except Brigantedinium spp that is calculated on the sum of the dinocyst excluding Brigantedinium spp. The foraminiferal linings were calculated in the same way as the latter.
A ratio, pollen concentration on dinocyst concentration (P:D), was calculated according to McCarthy and Mudie (1998) to establish the terrestrial influence versus the marine one, the higher the ratio the stronger the terrestrial influence.
Results and interpretation
Modern samples
The samples were first grouped by type of archive, from top to bottom: marine sediment, lagoonal sediment, muds (mostly rivers and lakes), and finally mosses (Fig. 3) . Then within these four groups the samples are arranged geographically from the north to the south, and then from the east to the west with the south-east corner of the region taken as a pivot point. This is approximately where the long core is located.
When combining different types of surface samples, a primordial role is played by the type of archives in differentiating the assemblages, and the potential influence of the archive type needs to be examined before searching for geographical differences . In general the muds and the mosses have higher Arboreal Pollen (AP) percentages. This is due to their location that is often closer to forests. The exceptions to this are the saiga dropping and a black ground moss on the shores of the Aral Sea. In contrast to the moss samples, the marine and lagoonal sediment have more AmaranthaceaeeChenopodiaceae (AeC) and Artemisia due to the proportional increase of long-distance transport. The lagoonal samples have the richest diversity of aquatic plants although Typha-Sparganium is found nearly everywhere due to its good dispersal in open environments, especially steppes (Bottema and Barkoudah, 1979) . Spores are mostly present in the marine sediment and in the Gorgan delta and the Babolsar river mouth. The least well-preserved palynomorphs are found both in the marine sediment and in the mosses. The NPPs, Incertae Sedis 5b and 5d, Pterosperma and Radiosperma are found more often in the marine sediment, whereas the algae (Botryococcus and the Zygnemataceae) and Cyanobacteria (Anabaena and Gloeotrichia) are indicators of lagoonal settings.
The dinocysts and the foraminiferal lining
The marine samples and the lagoonal samples had sufficient numbers of dinocysts to build a separate percentage diagram of dinocysts (Fig. 3 ). This illustrates a contrast between the marine samples (except US24 and 26) that have more Impagidinium caspienense and L. machaerophorum, whereas the lagoonal samples have slightly higher levels of dinocyst taxa tolerating fresher conditions such as Spiniferites cruciformis. Besides this, the two samples from the northern part of the middle basin, US24 and US26, show considerable amounts of Pentapharsodinium dalei, S. cruciformis and Caspidinium rugosum rugosum, taken as reflecting the lower salinities of this part of the CS. Some marine and the lagoonal muds also contain the lining of benthic foraminifera that live in the CS in waters no deeper than 50 m (Kh. Saidova, pers. comm.; Boomer et al., 2005) . The P/D ratio is clearly higher in the lagoonal surroundings than in the marine samples, clearly illustrating the close proximity of the land.
Geographical gradients
The marine samples (except the northern most ones US24 and 26) show an increase of the Alnus percentages westwards reflecting Table 1 Radiocarbon dates of the TM sequence calibrated by calib6.0 with MARINE09.14c (Reimer et al., 2009 
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well the increased development of the coastal alder forest following the increased precipitation gradient westwards (location in Fig. 1C ). The five lagoonal samples (in Golestan) still contain close to 10% of alder pollen although Alnus subcordata does not grow in Gomishan lagoon (Tr1), Almagol and Alagol, owing to its sensitivity to salt (Browicz, 1982; Honardoust et al., 2011; Naqinezhad, pers. comm.) . The distribution of A. subcordata trees seems to be limited to south of the Gorgan River. It is clear that this frequently overrepresented pollen is wind transported north of the Gorgan River. Peterson (1983) also noted relatively high percentages of alder pollen in South West Turkmenistan. The northern subgroup of the mud sample group (Kazakhstan and Uzbekistan) has very little arboreal pollen. The significant percentages or Pinus in the two Kazak samples, Ashyagar and Karakol, are noteworthy, probably linked to the proximity of villages with ornamental/commercial trees. The highest numbers of AeC are reached with occasionally high Poaceae when the samples are taken from a Phragmites marsh: e.g. Sudochie (SD10PVC4), just south of the Aral Sea. The southern subgroup (Iranian Turkmenistan) has surprisingly high percentages of AP (Carpinus betulus, Fagus orientalis, Quercus, Parrotia persica and Pterocarya fraxinifolia) despite the openness of the landscape; this is explained by the strong influence of the pollen rain from the forested slopes of the Alborz. Anomalously high percentages of Carpinus (5%) were noted in the surface samples of SW Turkmenistan (Peterson, 1983) . The alder pollen, as in the lagoons of the west coast of Golestan, is wind transported from the southern coast of the CS. The three samples from the south were taken in the forest (Nahar Khoran) or in more intensely transformed landscapes (Nowkandeh and Babolsar). The latter is reflected by high AP values and the high values of planted trees (Platanus and Myrtaceae such Eucalyptus) as well as the NAP such as Cerealia-t., Urticaceae-Moraceae and Rumex.
Near the Aral Sea, the saiga dropping and the black ground moss have extremely low AP percentages, mostly pollen derived from bushes of dry environments, such as Rhus and Tamarix. They have one of the highest Artemisia values, which are clearly originating from the steppe environment. This is in common with the muds from the same region and close to the percentages of the marine samples, although in the latter case the pollen of Artemisia is obviously wind transported over long distances. According to Peterson (1983) high percentages of Artemisia, >40%, are only reached in the mountains of Tadzhikistan and Kirghizstan (see also Giralt et al., 2004) . The three southern moss samples are derived from an increasingly degraded environment westwards, which is seen in the drop of AP, especially of C. betulus. The short altitudinal transect to the Firuz Kuh (pass in the Alborz at 2220 m altitude) from 230 m to 1550 m altitude shows the same decreasing trend in AP.
Core TM
The results and interpretation are presented based on the terrestrial pollen zonation (Fig. 4) .
Pz TM-1, 27.7e25.7 m (lithozone 1), Late Pleistocene and onset of the Holocene
Three samples indicate that this zone is sterile in palynomorphs. The lithological reconstruction proposes a marine unit mixed with reworked loess that has been profoundly oxidised during a subsequent regression. This lithozone ends in a sharp erosional horizon. 5.2.2. Pz TM-2, 25.7e24.0 m (lithozone 2), 10,640e9475 cal. yr BP AeC largely dominates the terrestrial pollen spectra of the four samples; the other herbaceous taxa are Artemisia and Poaceae. Some tree pollen are present such as deciduous Quercus, and very low amounts of C. betulus and Alnus.
The Chenopod pollen, belonging to an anemophilous family with strong pollen productivity, is primarily derived from the semidesert in the region, and only secondarily from local saltmarshes (Horowitz, 1992 ). The extremely high percentages reached here (>60%) are seen in the surface samples only in the saltmarshes of the Iranian Turkmenistan (Karasu and Gomishan) or in the semidesert south of the Aral Sea (eg Chilpak-Kala, Amu-Daria canal and S. Aral Bogolon). Peterson (1983) has noted up to 40% of Chenopodiaceae in western Turkmenistan.
The landscape is a semi-desert locally, probably with salt marshes, with a minor influence of forested areas with oaks in the nearby mountains.
The dominance of I. caspienense, a dinocyst characteristic of brackish waters such as the modern day water (salinity 13 psu; , Incertae Sedis 5b (present in the marine samples of the modern dataset and in the marine cores CP14, CP18 and CP21, and the organic lining of foraminifera indicate a marine influence; however a coast with a lagoon cannot be far as pollen grains of R. maritima are observed.
Lithology suggests a lagoonal deposit in broad agreement with the palynological interpretation, as the latter proposes open water influence.
5.2.3. Pz TM-3, 24.0e15.7 m (lithozones 3 and 4), 9475e 7500 cal. yr BP
In the first part of this unit Artemisia, Asteraceae Liguliflorae and C. betulus percentages increase sharply; whilst in the second part, a peak of arboreal pollen is marked with maxima of deciduous Quercus, C. betulus and P. persica, reflecting a vegetation optimum and the extension of forest belts towards the steppic plain (but far from reaching it). Surface samples such as at AqQaleh, the Gorgan delta and in the western part of the Karasu show similar values of C. betulus pollen in the absence of forest. This is the most marine/open water unit of the whole diagram, with minimal continental influence. The pollen concentration in this zone is at first high, but then declines.
Lithological reconstructions indicate a low energy environment with a shallowing at the top of lithozone 4. -4-5-6, 15.7e11 .3 m (lithozones 5 and 6 pp), 7500e 3510 cal. yr BP Seven out of eight samples are devoid of palynomorphs making the sediment of Pz 4 to 6 quasi sterile. The lithology reflects periods of shallow water and/or emersion, and is therefore a generally not favourable sediment to palynomorph preservation. 5.2.5. Pz TM-7, 11.3e1.1 m, 3510e460 cal. yr BP (lithozones 6 pp to 8 pp)
Pz TM
Although not suggested by CONISS, a practical and logical subdivision of the nineteen samples in two subzones could be made at c. 4.2 m depth.
5.2.6. Pz TM-7a (lithozones 6 pp, 7 and the beginning of 8a), 3510e 1455 cal. yr BP The terrestrial environment is now clearly a steppe with percentages of Artemisia similar to those along the coast of Kazakhstan (Karakol and Ashyagar). The coastal strip is covered by an alder carr that is a wetland with an alder forest . The distant influence of the deciduous forest is marked by F. orientalis and P. fraxinifolia pollen. Pollen of Cerealia-t. is frequent. In the Middle East, it is usually impossible to separate domesticated cereals from wild ones; both are probably present in the region at the time. Therefore Cerealia-t. pollen on its own is not sufficient to confirm (2013) 28e47 human activities (van Zeist et al., 2009 ). However here Cerealia-t. is found together with a continuous curve of Plantago and the occurrence of Juglans in the middle of the zone (only occurrence for the whole diagram). This allows suggesting that the landscape is already profoundly modified by humans. The amount of microcharcoals is progressively increasing through zone TM-7a.
In the first samples, the dinocyst assemblage contains very high percentages of the low salinity dinocyst, S. cruciformis (salinity c. 7 psu; Marret et al., 2004; , similar to the presentday lagoon of Anzali, further west along the Iranian coast (Kazancı et al., 2004) . Foraminiferal linings display a strong peak. These two taxa sharply decrease in the middle of this subzone. The percentages of I. caspienense at first low during the peak of S. cruciformis, then rapidly reaching high values, finally progressively dropping to a minimum at the end of this subzone, due to the increase of two forms of L. machaerophorum. This succession indicates an increase in salinity (change in the process length) and temperature (increase biomass). L. machaerophorum ss, which peaks at the end of pz TM7a before collapsing, has been linked to higher salinities than L. machaerophorum B (Mertens et al., 2009) . Its collapse indicates a sharp drop in salinity, while temperatures probably remain the same.
Fungal spores are abundant, especially Glomus. The NPP, Concentricystes, is occasionally present. These latter taxa indicate a strong erosion of the nearby land in line with the high Ti/Ca values originating from terrigenous inputs (Kakroodi, 2012) . This pollen zone starts with a slow increase of the palynomorph concentration until a peak is reached. This pollen subzone therefore presents the signs of rapid changes in the environment from freshwater influence to more saline waters and strong erosion: i.e. a lagoon that fills in.
Lithozone 7 is interpreted as a shallow lagoonal environment. This interpretation fits well with the palynological results.
5.2.7. Pz TM-7b (lithozones 8a pp and 8b pp), 1455e460 cal. yr BP Poaceae fall to minimal values, while Cerealia-t. becomes inconspicuous. The steppe is now invaded by AmaranthaceaeChenopodiaceae, whereas C. betulus and P. fraxinifolia values decrease; these can be taken as signs of aridification or intensification of pressure by humans on the environment, such as grazing. If the latter is correct, then the increase of microcharcoals in the previous zone that actually culminates here in TM-7b can be taken as an indicator of deforestation.
The values of I. caspienense are higher than at the end of the previous zone and are homogenously moderate across this unit, while the values of the form ss of L. machaerophorum collapse and those of form B maintain maximal values.
Fungal spores and Glomus values drop in this subzone. The pollen concentration fluctuates widely and then drops. At the opposite, the dinocyst concentration curve shows consistent higher values than previously.
The sedimentary record and the biofacies indicate lagoonbarrier or spit environment. The palynological interpretation is slightly divergent here and would tend to suggest permanent submersion, despite rapid changes in the environment.
5.2.8. Pz TM-8, 1.1 m to core top (lithozone 8b pp), 460 cal. yr BPcore top
The clearly increasing percentages of Quercus, Pinus and Acer in the two samples of this zone result from the impact of afforestation (Sagheb-Talebi, 2004; Akhani et al., 2010) . The recent Pine afforestation is mainly due to Pinus sylvestris, P. brutia and P. eldarica. Whereas Pinus pollen grains are found scattered throughout the diagram, it is only here that continuous percentages occur. The earlier pollen grains may have come from great distances. The nearest natural population of Pinus is now in the dry middle mountain slopes of Georgia and Azerbaijan, with P. eldarica, a species sometimes treated as a subspecies of P. brutia (Weinstein, 1989) . This residual population may have been larger in the past. Cyperaceae and Asteraceae also develop slightly in this zone, indicating more dry open land. Moreover, the development of a salt marsh probably occurs where previously an alder carr existed.
The dinocyst and fungal spores values are similar to those of the end of the previous zone. Concentricystes and Pteridophyte spores reach a maximum in the top 75 cm. This is interpreted as an increasing fluvial influence, perhaps an old course of the Gorgan River, now further south.
The interpretation of lithozone 8b is a shallower lagoon than in lithozone 8a.
This assemblage at the top of core TM does not however correspond to the modern assemblages in three samples which are geographically close to the location of TM core: two core tops, TR1 and TR2, taken in the modern lagoon west of core TM location and a sample taken in the westernmost part of the emerged delta of the Gorgan River. This dissimilarity is due to the lateral difference in the sedimentation environment. The modern salt marsh is strongly represented by higher values of AeC than in the long core. R. maritima, a submerged plant of brackish waters, has extremely high percentages; some foraminiferal linings have been encountered, whilst the dinocysts remain discrete and are alternatively dominated by L. machaerophorum or by I. caspienense. Hardly any Pteridophyte spores are observed. On the whole the modern lagoon samples reflect a brackish environment without river influence, with no direct equivalent in the long core. The Gorgan surface sample has higher AP and fern spores percentages than in the TM core top, reflecting transport by a river that flows along the foothills of the forested eastern Alborz Mountains.
Discussion
High sea levels in the Early Holocene
The highest sea levels of the Holocene are reached in lithozone 3/pz TM-3 (Fig. 5) . This is in agreement with the two Russian stratigraphies, whether this highstand is part of the Neocaspian or not. If compared to the present reaction of the CSL to the climate on the Volga River catchment, such high levels should correspond to wet conditions in the catchment in north-eastern Europe, often alongside low evaporation over the sea itself (Arpe et al., 2012) .
However, such clear relationship did not exist in the Early Holocene due to the existence of an inflow into the south CS basin from the Uzboy River, whose course starts in the Pamir Mountains and the Tien-Shan via the Amu-Daria (Fig. 1A) . Indeed, palaeochannels of the Uzboy in Turkmenistan were active in the early Holocene (Syrnyov, 1962; Létolle, 2000) . In the first part of the Holocene, the glaciers in the Himalayas were large and fed by strong monsoonal precipitations (Goodbred and Kuehl, 2000; Owen et al., 2005; Wünnemann et al., 2010) . Therefore meltwaters from the high altitude glaciers would have contributed to maintain the high water levels in the CS during the period 10,060e 7000 cal. ka BP, even though the meltwater from the Eurasian ice sheet had nearly petered out and the climate in the drainage basin of the Volga River was still relatively dry (Chen et al., 2008) . Lake Sumxi records (Gasse and Wei, 1996) and others in the western Himalayas show that lake levels were affected from 10 to 7 cal. ka by high monsoonal precipitation whereas at present the Asian summer monsoon does not penetrate so far. The exact timing of this period fits well with the high sea level period in the CS. It is therefore suggested that the CS high stands in the first part of the Holocene are driven by precipitation fallen >2000 km away under a completely different climatic regime, since, as soon as it leaves the Himalayas, the Amu-Daria (and then lower down the Uzboy River) crosses a dry region that does not contribute water to the river flow.
Lowstands at the Pleistocene/Holocene transition and in the mid-Holocene
According to Rychagov (1997) or Svitoch (2009) , the beginning of the Neocaspian has a radically different age. Rychagov (1997) places the Mangyshlak at the transition Late Pleistocene/Holocene, whereas Svitoch (2009) places the Mangyshlak in the earlye mid Holocene, retaining the name of Enotaev lowstand for the lowstand at the transition Late Pleistocene/Holocene. Both however agree on four lowstands: a Pleistocene/Holocene major lowstand, a minor lowstand at c. 8
14 C ka, a major earlyemid Holocene (7e6.5 14 C ka) lowstand and finally a minor one at 4.5 14 C ka BP.
These two stratigraphies are mostly based on onshore studies. The rare exceptions are records from cores taken in the deep south and middle basins where the Neocaspian is assumed to have started at 10 14 C ka BP, but where no signature of the Mangyshlak lowstand was found after the Khvalynian highstand probably due to the thickness of the water column which is able to buffer the impact of some sea level changes (Kuprin et al., 2003) .
In the TM sequence, two major lowstands are clearly fitting the ages of the two main lowstands in the Russian literature (Fig. 5) . Specifically, the Mangyshlak phase in Rychagov's terms corresponds to the low levels illustrated in the hiatus at 25.7 m depth at the very beginning of the Holocene. This is followed by another period, which may contain some hiati (Fig. 2) , without palynomorphs somewhere between 7500 and 3510 cal. yr BP corresponding to the second main low stand of the Russian schemes in the earlyemid Holocene, the Mangyshlak in Svitoch's terms. If there is a hiatus, it is most likely where the large gypsum crystals were found, i.e. near the top of this lithozone at 4000e3900 cal. yr BP.
A possible method for defining the Neocaspian is to use environmental conditions: here they indicate an intermediate CSL between the high stand of the Khvalynian and the low stand of the Mangyshlak; the conditions are also close to the present ones. Here the definition is based on the change in the salinity and temperature conditions of the CS waters characterised by dinocyst assemblages. In cores taken in the deep south and middle basins, parallel to those of Kuprin et al. (2003) , a succession from S. cruciformis and P. psilata-dominated assemblages to an I. caspienense-dominated one is seen at c. 3.9 cal. ka BP. This shift is taken as illustrating a change from melt water influence, i.e. rather low salinities of c. 7 psu and therefore rather high water levels, to typical modern CS waters with a salinity of 13 psu and therefore intermediate water levels. This change is seen in two cores, one from the centre of the south basin (core GS05) and one from the centre of the middle basin (core CP14) at 3.9 cal. ka Leroy, unpublished data; Fig. 1B) . Clearly the shifts in assemblages do not have the same ages in the very shallow environments of Gomishan coast and offshore of it (Fig. 1C) . In this sequence, the dinocyst change is not recorded and is assumed to have taken place before 10.6 cal. ka, if at all. The sediment in core TM displays thin evaporitic layers and mottling of the sediment at the transition between lithozones 5 and 6, i.e. a few hundreds of years before the radiocarbon date at 3545 cal. yr BP.
It is suggested that this hiatus corresponds to the major drop in salinity and in sea level seen at 3.9 cal. ka in the deep cores. From the point of view of the dinoflagellate assemblages, because of the differences between shallow waters and deep waters, the Neocaspian should therefore be regarded as a biozone and not a chronozone. In Iran around that time, the "Central Iranian Drought" period has been recognised in archaeological settlements (Schmidt et al., 2011) .
Short delay in woodland expansion in the Early Holocene
In some diagrams of arid areas of SE Europe and SW Asia a delay in the expansion of trees at the beginning of the Holocene is observed; it lasted c. 3000 years in Lake Van in eastern Turkey , in Lake Urmia in N. Iran (Bottema, 1986) , in Lake Zeribar in NW Iran (van Zeist and Bottema, 1977) , in Lake Mirabad in W. Iran (van Zeist and Bottema, 1977) and finally c. 2500 years in core G05 in the middle of the south basin of the CS (Pierret et al., 2012) ; but the delay was only one millennium long in Aligol in the mountains of eastern Georgia (Connor, 2006) . Wright et al. (2003) suggest that an early Holocene dry period occurred from the Balkan Peninsula to southern Siberia when Europe had a climatic optimum. They propose that the cause is summer aridity (deficit of monsoon) due to high insolation. Djamali et al. (2010) , based on a study on the Zagros and Anti-Taurus Mountains in W Iran and SE Turkey, suggest a delay of monsoon leading to insufficient spring rains.
A slight woodland expansion exists here too but covers less than a single millennium (Fig. 6) . Also the presence of considerable loess deposits along the coast and in the foothills of the Alborz Mountains of the same age underlines the dryness of the climate (Kazancı et al., 2004; Frechen et al., 2009 ).
This small difference in the length of the delay, long for example in the deep core of the south basin and short in the Gomishan core, may be due to the proximity of the Alborz Mountains that must have formed a refugial area for trees during Last Glacial period. Climate models show that warm-loving trees may have found sufficiently good conditions to grow in the south-east corner of the CS Arpe et al., 2011) . The site in Georgia may have benefited in the same way from the proximity of glacial refugia according to the same modelling studies.
Vegetation succession
The present TM diagram contributes to the question of which succession was followed by trees when migrating out the glacial refugia in the Alborz Mountains Arpe et al., 2011) . These mountains contain relict Arcto-Tertiary thermophilous species such as P. persica, G. caspica, Z. carpinifolia and P. fraxinifolia, amongst which some had larger distributions in Europe during the Quaternary (Leroy and Roiron, 1996; Akhani et al., 2010) .
Here the succession is as follows: deciduous Quercus, C. betulus, P. persica, and F. orientalis-P. fraxinifolia (Fig. 6) . The succession reconstructed from Georgia is rather different: first Betula and Corylus, then Abies, Carpinus, Fagus, Quercus and Castanea and finally Picea, Pinus, Juglans and Ostrya-t. (Connor and Kvavadze, 2008) . A pollen diagram from a marine core taken offshore the Pontic Mountains influenced by the Euxinian forest shows the following succession of trees: deciduous Quercus, Pinus-Abies with some Ephedra distachya-t., Alnus-Fagus-C. betulus-Corylus-Juniperus, and finishes with the appearance of anthropogenic indicators (Shumilovskikh et al., 2012) .
As no other Holocene diagrams with P. persica, a useful comparison can only be made with Early Pleistocene pollen diagrams of Western Europe, such as that of Nogaret, High Languedoc, Southern France (Leroy and Seret, 1992; Leroy et al., 1999) , where a similar succession of taxa is indeed seen: deciduous Quercus, Carpinus, P. persica, Carya-Picea, Tsuga-Pterocarya. The main differences are 1) Carya that starts spreading in the middle of the interglacial and is now absent from Europe and western Asia and 2) the conifers which appear in the middle and last parts of the interglacial and whose plants do not grow in the Hyrcanian area. The climate of the southern coast of the Caspian Sea has been used as an analogue to that of Western Europe in the Early Pleistocene: milder winters, more rainfall and reduced seasonal contrast (Leroy and Roiron, 1996) .
The Pterocarya decline and the Sasanian Empire
A well-defined Pterocarya decline occurs in diagrams in Northern Iran and in western Georgia (Kvavadze, 1982 in Connor, 2006 Connor et al., 2007; Ramezani et al., 2008; de Klerk et al., 2009; Akhani et al., 2010) . This takes place at ages ranging from around AD 780e1350. The decline has been variously attributed to a regional climatic drying, P. fraxinifolia being a tree of humid soils, and to human activities. Native people use the leaf of this tree as an anaesthetic agent for catching fish, for dyeing and as an antifungal agent (Hadjmohammadi and Kamel, 2006) . Its nut is edible. Its wood however is of little use in joinery.
In core TM, this decline is seen at the transition pz TM-7a/b at around AD 495 (Fig. 6) ; therefore it occurs earlier than further west. The decline of Pterocarya in the studied region corresponds to the time when the Sasanian Empire in the early Middle Ages built the Gorgan wall and associated buildings. Human interference in the demise of the Pterocarya cannot be ruled out in addition to the aridification of the climate.
An eastewest trend may also exist with an earlier decline of Pterocarya in the drier east than in the wetter west. The region of study is close to the easternmost limit of the species distribution at present (Browicz, 1982) . Although the pollen of this tree is abundant in the surface samples (mud and moss) of Nahar Khoran near Gorgan town, it is absent from the surface samples 190 km further east of Gorgan in the Golestan National Park (Djamali et al., 2009) . This proximity to the species distribution limits may make it more sensitive to anthropogenic or climatic changes.
End of the lagoon and afforestation
Historical Landsat satellite imagery of 1975 indicates that the location of core TM was already dry. The top sample of the TM pollen diagram, i.e. at 20 cm depth, already has rather high values of AP, i.e. 40%, due to the post-1972 afforestation (Fig. 4) . Therefore this would suggest that the sediment of pz TM-8 is younger than 1972 and that sediment was still accumulating there at that time.
The recent afforestation is not felt in the recent sequences of Amirkola, Anzali and Muzidarbon, further west on the coast and in areas that have remained more closely forested despite human influence (Ramezani et al., 2008; Leroy et al., 2011) , which is likely because the environment at the location of core TM is very open and therefore records better the pollen rain derived from more or less distant plantations.
Conclusions
The palynological investigation of the 27.7 m long core TM, near the lagoon of Gomishan in the south-east corner of the CS, has provided novel and significant results regarding vegetation history and sea level changes.
The delay in woodland expansion at the beginning of the Holocene, which is typical of eastern Turkey, the Iranian plateau, and that was also recorded in the south CS basin, is only weakly felt at the north-eastern foothill of the Alborz Mountains, as Gomishan is close to postulated glacial refugia of trees. The succession of the main trees out of their refugia has been established as deciduous Quercus, C. betulus, P. persica, and F. orientalis-P. fraxinifolia, presenting therefore close affinities to south European interglacials in the Early Pleistocene. A Pterocarya decline is observed at AD 495. The region, close to the easternmost tree distribution, has been affected earlier than elsewhere in the northern Alborz and the Caucasus where similar declines were observed, perhaps due to human activities during the Sasanian Empire and the subsequent drying of the climate.
After a Late Pleistocene/Early Holocene lowstand, a maximum sea level occurs in the first part of the Holocene from 10.6 to 7.2 cal. ka. It is suggested that an inflow from the Uzboy (via the Amu-Daria) brought waters from the Pamir and Tien-Shan glaciers that were well developed at that time owing to a strong summer monsoon. The monsoonal regime therefore had a significant contribution to the CSL. A period of low level follows between 7.3 and 3.5 cal. ka, with a minimum at 3.9 cal. ka. From 3.5 cal. ka to the present, a series of small fluctuations took place. Finally, it is recommended that the Neocaspian period following the Mangyshlak period, a lowstand marked here by a major hiatus, should be considered a biozone rather than a chronozone. Indeed the environmental conditions reconstructed from dinocyst assemblages are different in shallow shelf waters from those in the deep basins of the CS, with an earlier assemblage shift on the shelf than in the deep basins. 
